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We report on a theoretical and experimental study of CuMn-V antiferromagnets. Previous works 
showed low-temperature antiferomagnetism and semimetal electronic structure of the semi-Heusler 
CuMnSb. In this paper we present theoretical predictions of high-temperature antiferromagnetism 
in the stable orthorhombic phases of CuMnAs and CuMnP. The electronic structure of CuMnAs is at 
the transition from a semimetal to a semiconductor and we predict that CuMnP is a semiconductor. 
We show that the transition to a semiconductor-like band structure upon introducing the lighter 
group-V elements is present in both the metastable semi-Heusler and the stable orthorhombic crystal 
structures. On the other hand, the orthorhombic phase is crucial for the high Neel temperature. 
Results of X-ray diffraction, magnetization, transport, and neutron diffraction measurements we 
performed on chemically synthesized CuMnAs are consistent with the theory predictions. 



PACS numbers: 71.22.+i, 81.15.Hi, 75.50.Pp 

I. INTRODUCTION 

Recent observation of a large magnetoresistance in 
an antiferromagnet (AFM) based spin-valve opens the 
prospect for utilizing AFMs in spintronics.^'^ Particu- 
larly appealing is the introduction of AFMs into semicon- 
ductor spintronics because of the lack of suitable high- 
temperature ferromagnetic (FM) semiconductors. In 
Tab [l] we show a survey of the magnetic counterparts 
of the most common II- VI and III-V compound semi- 
conductors, and of the related I-VI-III-VI and II-V-IV-V 
families, in which Mn (Eu) acts as a group-II atom and Fe 
(Gd) as a group-Ill element. The table illustrates that 
AFM ordering occurs much more frequently than FM 
ordering. Yet, only a few of these AFM semiconductors 
have Neel temperatures T/v above the room temperature. 
In MnTe, Tn — 323 K is presumably still too low to al- 
low for room-temperature applications of the material in 
spintronics. MnSiN2 appears as an attractive candidate 
material which should also allow for the application of 
common molecular beam epitaxy techniques for the syn- 
thesis of high quality films. The natural mineral CuFeS2 
is more challenging from the perspective of the epitaxial 
growth because of the vastly different vapor pressures of 
S and the noble and transition metals. Another limiting 
factor is that both MnSiN2 and CuFeS2 might be the 
only high- T/v AFMs in their respective semiconductor 
compound families. 

The search for other high temperature AFM semicon- 
ductors has recently resulted in a report of the semi- 
conducting band structure of I(a)-Mn-V compounds and 
of the successful synthesis of single-crystal LiMnAs by 
molecular beam epitaxy.^i^ In contrast to the other com- 
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TABLE I: Comparison of FM Curie temperatures (Tc) and 
AFM Neel temperatures (Tjv) of II- VI, I-VI-III-VI, III-V, and 
II-V-IV-V magnetic semiconductors. 

mon semiconductor compound families, many of the 1(a)- 
Mn-V semiconductors are room-temperature AFMs.lSllHl 
While favorable from the perspective of their electronic 
band structure and magnetic characteristics, the utility 
of I(a)-Mn-V materials in devices may represent a chal- 
lenge due to the high reactivity and diffusivity of the 
1(a) alkali metals elements. The aim of this paper is 
to investigate the noble-metal group-I(b) counterparts of 
these compounds. In particular, we focus on CuMnAs 
and CuMnP. 

The anticipation of semiconducting band structure of 
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the high-temperature AFM LiMnAs (and other 1(a)- 
Mn-V's) was based on the picture of Li-'^+ charge state 
as in Zintl compounds, Mn^"*" charge state as ob- 
served in (Ga,Mn)As and some other (III,Mn)V and 
(II,Mn)VI magnetic semiconductors, and the estab- 
Hshed close relationship between non-magnetic I(a)-II- 
V and III-V semiconductors.^ From this viewpoint, 
the Cu^"*"Mn^+Sb"^~ configuration inferred from previous 
density functional theory studiefl^ of this semi-Heusler 
alloy hints that the replacement of the 1(a) alkali-metal 
with the 1(b) Cu in I-Mn-V compounds is a promising 
approach. Although not a semiconductor, CuMnSb is 
also not a conventional metal with a high density of 
states at the Fermi energy but rather a semimetal with a 
small overlap between the botto m of th e conduction band 
and the top of the valence band.li^lSS! The relatively low 
room-temperature conductivity of ^ 6 x 10^ il^^cm^^ 
measured in this compound supports the theoretically 
predicted semimetal band-structure.^^- By introducing a 
lighter group-V element As or P, one may expect the 
band-gap to fully open. 

In the literature, CuMnSb is often quoted as a rare ex- 
ample among semi-Heusler alloys with AFM order.EsHUl 
It has a Neel temperature of 50 K. Synthesis and crystal 
structure measurements of CuMnAs and CuMnP were 
reported in Ref. |26i Unlike the cubic CuMnSb, the 
equilibrium crystal structure of CuMnAs and CuMnP 
is orthorhombic Pnma. Susceptibility measurements of 
CuMnAs presented in Ref. l26j indicate possible AFM or- 
der at room temperature. To the best of our knowledge, 
the electronic and magnetic structure of CuMnAs and 
CuMnP has not been further investigated experimentally 
and no band structure calculations have been published 
to date. In this paper we present full-potential den- 
sity functional theory calculations of the electronic and 
magnetic structure of CuMnAs and CuMnP. We comple- 
ment the theory analysis by X-ray diffraction, magneti- 
zation, transport, and neutron diffraction measurements 
of chemically synthesized CuMnAs. As a reference, we 
also report our experimental results on CuMnSb. 



II. THEORY 

To calculate the electronic structure of CuMn-V 
compounds we employed the full-potential linearized- 
augmented-plane-wave method (WIEN2k package) .^2^ 
Using the generalized-gradient approximation (GGA)(2Sl 
we first compare energies of the FM and AFM states of 
the equilibrium orthorhombic crystal structure and the 
metastable cubic semi-Heusler structure of CuMnAs and 
CuMnP. In the former case we use experimental lattice 
parameterpl a = 6.5859 A, 6 = 3.8671 A, and c = 
7.3202 A for CuMnAs and a = 6.3188 A, 6 = 3.7239 A, 
and c = 7.0883 A for CuMnP. By minimizing the to- 
tal energy of the cubic phase we determined the cor- 
responding theoretical lattice constant a — 5.83 A for 
CuMnAs and a = 5.66 A for CuMnP. The calculated 



difference between the FM and AFM total energy in the 
cubic crystal phase is Efm — Eafm = 52 meV/Mn-atom 
for CuMnAs and EpM ~ Eapm — 59 meV/Mn-atom 
for CuMnP. Here we considered the same AFM align- 
ment of Mn moments in CuMnAs and CuMnP as re- 
ported in the neutron diffraction study of CuMnSb.^ A 
comparison with theoretical results for CuMnSb, where 
EpM — Eafm = 50 meV/Mn-atom,^^! suggests that 
increases when replacing Sb with As or P due to a tighter 
lattice arrangement. However, the expected increase of 
T/v is only in the range of ^^20% for the cubic phase. 




FIG. 1: Color on-line. Atomic and magnetic arrangements 
of the orthorhombic CuMnAs and CuMnP. Purple (large) 
spheres with arrows represent Mn, blue (medium) spheres Cu, 
and green (small) spheres As. (a) FM in-plane arrangement 
and FM coupling between the planes, (b) AFM in-plane ar- 
rangement and FM coupling between the planes, (c) FM in- 
plane arrangement and AFM coupling between the planes, 
(d) AFM in-plane arrangement and AFM coupling between 
the planes. 

For the orthorhombic structure we considered the 
FM and three different AFM moment configurations, 
as shown in Fig. 1. Mn atoms in these orthorhom- 
bic crystals are arranged in layers parallel to the a — c 
plane and the different AFM arrangements can then be 
characterized by AFM in-plane arrangement and FM 
coupling between the planes (AFMip-FMqp, Pn'm'a, 
Fig 1(b)), FM in-plane arrangement and AFM coupling 
between the planes (FMip-AFMqp, Pn'm'a', Fig 1(c)), 
or AFM in-plane arrangement and AFM coupling be- 
tween the planes (AFMip-AFMop, Pnm'a, Fig 1(d)). In 
CuMnAs, the GGA total energies of the FMip-AFMqp 
and AFMip-AFMop states are very similar (the differ- 
ence is 1 meV/Mn-atom) while the energy of the AFMip- 
FMqp state is significantly higher (by 80 meV/Mn- 
atom). In CuMnP, the AFMip-FMqp state has again the 
highest energy and the difference between the GGA en- 
ergy of the states FMip-AFMqp and AFMip-AFMqp is 
30 meV/Mn-atom with the latter AFM state having the 
lowest energy. When comparing total energies of the FM 
and AFM states we took the AFMip-AFMqp state, i.e. 
compared energies of the spin configurations in Fig. 1(a) 
and 1(d), and obtained EpM — Eafm — 241 meV/Mn- 
atom for CuMnAs and Efm — Eafm — 250 meV/Mn- 
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atom for CuMnP. These values are significantly larger 
than in the cubic crystals and the theory, therefore, 
predicts that the orthorhombic CuMnAs and CuMnP 
have significantly higher Neel temperature than the semi- 
Heusler CuMnSb. 
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FIG. 2: Color on-line. GGA-I-U band structure plotted along 
lines in a hexagonal Brillouin zone (upper panel) and den- 
sity of states (DOS) of cubic CuMnSb. The red (filled lower 
energy) data correspond to the DOS projected onto spin-up 
(spin-down) states of the fst (2nd) Mn sublattice; the blue 
(filled higher energy) data correspond to the DOS projected 
onto spin-down (spin-up) states of the 1st (2nd) Mn sublat- 
tice. 

The stability of the orthorhombic crystal phase of 
CuMnAs and CuMnP and the possibility for these com- 
pounds to form thin epitaxial films with the metastable 
cubic phase can be estimated from the difference in to- 
tal energies of the two crystal structures. For CuMnAs 
we obtained E^ubic — Eortho = 0.56 eV/Mn-atom and for 
CuMnP the difference is EcuUc — Eortho = 1-18 eV/Mn- 
atom. For comparison, the total energy of the cubic 
phase of, e.g., GaN is larger than the energy of the equi- 
librium hexagonal phase by 0.02 eV/atom and in this case 
both crystal structures can be realized in thin films. For 



MnAs on the other hand, the difference between the cu- 
bic and hexagonal phases is 1 eV/Mn-atom and the cubic 
phase has been stabilized only in the form of nanocrys- 
tal inclusions in a cubic matrix. From these comparisons 
we conclude that the orthorhombic phases of CuMnAs 
and CuMnP are very stable and the occurrence of the 
metastable cubic phases in bulk or thin film materials is 
unlikely. 
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FIG. 3: Same as Fig.[2]for cubic CuMnP. 

Examples of the calculated band dispersions are shown 
in Figs. [2][6j In Figs. [2] and [3] we compare band struc- 
tures of the cubic CuMnSb and CuMnP calculated in the 
GGA-f U approxi matio ns with typical values of the corre- 
lation parameter^^Hnni for Mn d-orbitals, U = 3.5 eV and 
J = 0.6 eV. As already pointed out in Ref.Hni CuMnSb 
is a seminietal with a negative indirect band-gap. Fig. [3] 
shows that CuMnP, on the other hand, is already a 
semiconductor with a fully developed positive band-gap 
throughout the entire Brillouin zone. The semiconduct- 
ing band structure of CuMnP is obtained also in the 
GGA-I-U calculation of the orthorhombic phase as shown 
in Fig. m 

CuMnAs has a small but non-zero density of states at 
the Fermi energy in the GGA-fU spectra as shown in 
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FIG. 4: Color on-line. GGA+U band structure (upper panel) 
and density of states (DOS) of orthorhombic CuMnP. The 
red (filled lower energy) data correspond to the DOS pro- 
jected onto spin-up (spin-down) states of the 1st (2nd) Mn 
sublattice; the blue (filled higher energy) data correspond to 
the DOS projected onto spin-down (spin-up) states of the 1st 
(2nd) Mn sublattice. 

Fig. [5] Since density functional theory tends to under- 
estimate band gaps in semiconductors we conclude that 
the electronic structure of CuMnAs is in the transition 
region between a semimetal and a semiconductor. For 
completeness we compare in Fig. [6] band structures of 
orthorhombic CuMnAs and CuMnP calculated in the lo- 
cal density approximation (LDA),'^LDA-|-U, GGA, and 
GGA-I-U. In the plots we focus on the part of the spectra 
in which the gap opens in CuMnP. The spectra are con- 
sistent with common trends in III-V semiconductors of 
larger band gaps for lighter group-V elements and with 
the expected enhancement of the calculated semiconduc- 
tor gap due to both the GGA correction to the local den- 
sity theory and the correlation effects on Mn d-orbitals. 
Since the effects of these corrections are relatively strong, 
it might be desirable to employ in future studies compu- 
tational methods which go beyond the GGA-I-U approxi- 
mation in order to get a more quantitative understanding 
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of the electronic structure of CuMn-V compounds. 



orthorhombic CuMnAs 




Energy (eV) 

FIG. 5: Same as Fig. |4] for orthorhombic CuMnAs. 



CuMnAs CuMnP 



LDA GGA LDA GGA 




Z Y R 



LDA+U GGA+U LDA+U GGA+U 




FIG. 6: Band structures of orthorhombic CuMnAs and 
CuMnP calculated using the depicted density-functional the- 
ory models. 



5 



III. EXPERIMENT 

In this section we discuss experimental properties of 
CuMnAs. Samples were prepared by direct synthesis 
from elements mixed in the stoichiometric 1:1:1 ratio us- 
ing Cu (purity 99.999 %), Mn (purity 99.98 %), and As 
(purity 99.999 %). They were placed into AI2O3 cru- 
cible and double sealed inside quartz ampoules. Samples 
were heated up to 1000°C at a rate of l°C/min and an- 
nealed for 1 day. The reaction produced silver-gray solid 
rocks. Powder samples and polished-layer samples were 
prepared from the material for X-ray diffraction mea- 
surements, chemical analysis, magnetization measure- 
ments by the superconducting quantum interference de- 
vice (SQUID), van der Pauw transport measurements, 
and neutron diffraction measurements. For comparison 
we also prepared CuMnSb samples using the same pro- 
cedures. 
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FIG. 7: X-ray diffraction data for CuMnAs and CuMnSb 
at room temperature. Green points are measured data of 
CuMnAs, red points are measured data of CuMnSb, and black 
thin lines are fits considering the orthorhombic crystal struc- 
ture of CuMnAs and cubic crystal structure of CuMnSb. 

In Fig. [7] we show room-temperature X-ray measure- 
ments of our CuMnAs and CuMnSb materials. Diffrac- 
tion patterns were obtained using a Bruker D8 Advance 
diffractometer in the Bragg-Brentano geometry and cop- 
per Kq radiation. Data analysis was carried out using 
the FuUProf package .^22! The measurements show that 
CuMnAs has the orthorhombic Pnma crystal structure 
consistent with X-ray data in Ref. [521 and CuMnSb has 
the cubic semi-Heusler structure as reported previously. ^'^ 
Note that X-ray measurements of CuMnAs performed in 
the 300 K - 600 K range did not reveal any structural 
phase transition. Elemental analysis by energy-dispersive 
X-ray spectroscopy (EDX) confirmed the stoichiometric 
1:1:1 ratio of Cu, Mn, and As(Sb) in the studied materi- 
als within the experimental error of ^1%. 

In Fig. |8] we show measurements of the temperature 
dependent susceptibility and field dependent magnetiza- 
tion in CuMnSb. The data indicate Tat « 50 K, in agree- 
ment with previous reports on this material.'^^l Analogous 
measurements in CuMnAs are presented in Fig. [9j We 
observe that the magnetic susceptibility of CuMnAs in- 



creases with increasing temperature up to much higher 
temperatures than in CuMnSb, in agreement with mea- 
surements presented in Ref. The dependence reverses 
above ^450 K, indicating that Tat is above room temper- 
ature. As in the AFM CuMnSb we observe zero rema- 
nence below T/v in CuMnAs (see inset in Fig. [9]) . 
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FIG. 8: Magnetic susceptibility at 5 kOe of CuMnSb. 
shows magnetization measured at 10 K. 
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FIG. 9: Magnetic susceptibility at 5 kOe and conductivity of 
CuMnAs. Inset shows magnetization measured at 300 K. 

The transition to a magnetically ordered state in 
CuMnAs is observed also in transport data shown in 
Fig. [9] Above 400 K the material has a metallic con- 
ductance which increases with decreasing temperature. 
Near 400 K the conductance drops abruptly before it re- 
sumes the metallic character below 350 K. Such a conduc- 
tance drop is commonly observed in magnetic materials 
and associated with critical scattering near the transition 
temperature. We also point out that the conductivity at 
300 K of CuMnAs is 800 ri~^cm~^ which is almost an or- 
der of magnitude lower than the room-temperature con- 
ductivity of the semimetal CuMnSb. This is consistent 
with the theoretically predicted trend towards semicon- 
ducting character of CuMn-V compounds with lighter 
group- V elements. 

We conclude the experimental section by presenting 
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initial results of room-temperature neutron diffraction 
measurements. The data shown in Fig. 10 were taken 
on the instrument MEREDIT in the Nuclear Physics In- 
stitute in Rez, Czech Republic. The neutron beam was 
monochromatized by a copper mosaic monochromator 
to a wavelength of 1.46 A. The data show evidence of 
magnetic order at room temperature. The best fit us- 
ing FuUProf package'^^ to the data was obtained for the 
AFMip-AFMop Mn moment configuration (Fig 1(d)). 



X experiment 

— fit (total) 

— fit (atomic contribution) 

fit (magnetic contribution) 

I Bragg positions 



IV. SUMMARY 
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In summary, we have performed a combined theoretical 
and experimental study of electronic and magnetic prop- 
erties of CuMn-V compounds which complements pre- 
vious work on alkali-metal based I(a)-Mn-V AFM semi- 
conductors. The transition from a low Neel temperature 
AFM CuMnSb to room-temperature AFMs CuMnAs and 
CuMnP is ascribed to the orthorhombic crystal struc- 
ture of the latter two compounds. The transition from 
a semimetal CuMnSb to a semiconductor CuMnP is 
reminiscent of the trend of increasing band gap in III- 
V semiconductor compounds with lighter group-V ele- 
ments. Since CuMn-V compounds are stable and readily 
compatible with common epitaxial growth techniques of 
high-quality semiconductor structures, they might repre- 
sent favorable systems for exploring the concept of AFM- 
based spintronics. 
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FIG. 10: Low angle part of measured and fitted neutron 
diffraction data of CuMnAs at room temperature. Atomic 
and magnetic contributions are plotted separately. Bragg po- 
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also highlighted. Crystallographic indices denote the mag- 
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tribution highlighted by arrow is characteristic of the AFMip- 
AFMop Mn moment configuration. 
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